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Previews
sufficient for cell cycle reentry, even in the absence ofCyclin C Makes an Entry
mitogens (Sage et al., 2003), indicating that Rb plays ainto the Cell Cycle critical role in the maintenance of G0. p130 is expressed
at high levels in quiescent cells, and p130/E2F-4 com-
plexes may actively repress transcription of E2F target
genes in G0 (Takahashi et al., 2000). p107 is expressedFrom yeast to humans, cell cycle progression is or-
at low levels in G0 cells and may not normally regulatechestrated by the oscillation of kinase activities asso-
the G0/G1 transition, but it has the ability to compensateciated with cyclins. In an article published recently in
for loss of Rb in arrested cells (Sage et al., 2003). There-Cell, Ren and Rollins investigate mechanisms control-
fore, cell cycle reentry from G0 may be normally sup-ling the G0/G1 transition in quiescent cells and identify
pressed by Rb family proteins in association with spe-new cyclin C/Cdk3 complexes as key regulators of cell
cific subsets of E2F transcription factors.cycle reentry in human cells.
But what controls the activity of Rb family members
in G0/G1? At the G1/S transition of the cell cycle, RbDuring the G1 phase of the cell cycle, cells either prog-
family members are inactivated by successive phos-ress to replicate their DNA or leave the cell cycle to
phorylation by cyclin D/Cdk4 and cyclin E/Cdk2 kinaseenter a physiological arrest known as G0. Under growth
complexes (Figure 1) (Trimarchi and Lees, 2002). How-inhibitory conditions, cells enter G0 to become largely
ever, these kinase activities are absent in G0 cells, andtranscriptionally silent. The G0 arrest is often transient,
therefore cannot account for the initial phosphorylationsuch that G0-arrested cells reenter the cell cycle and
events inactivating Rb family proteins. Ren and Rollinsreplicate their DNA when growth factors and nutrients
now make a strong case that cyclin C/Cdk3 providesbecome available. Mammalian cells also enter G0 when
the missing kinase activity (Ren and Rollins, 2004).they exit the cell cycle to differentiate or during the first
Cyclin C was originally identified in two geneticstages of senescence. However, upon terminal differen-
screens for gene products that could rescue cell cycletiation and completion of the senescence process, these
defects in S. cerevisiae with mutant cyclins (Leopoldcells become insensitive to the addition of mitogens and
and O’Farrell, 1991; Lew et al., 1991). One of these
remain permanently arrested. The importance of the
screens also identified Cyclin D1 and Cyclin E, whose
G0/G1/S transition is underscored by the observation
roles in promoting cell cycle progression are now well
that the pathways controlling the decision between cell
established. The role for Cyclin C in the cell cycle was
cycle progression and cell cycle exit are defective in
less clear. Ren and Rollins started from the observation
most, if not all, human tumors (Hanahan and Wein-
that Cyclin C levels are high in G0-arrested human cells.
berg, 2000). They showed that a cyclin C-associated kinase activity
How is the G0/G1 transition regulated? Although most could promote G0 exit in mammalian cells. Cyclin C
mammalian cells enter G0 at some point during their forms complexes with Rb in cells, and is associated
life, the mechanisms governing the establishment and with a kinase activity that phosphorylates Rb in G0 on
the maintenance of G0 are not fully understood. The lag residues that are similar to those phosphorylated by
before S phase entry from G0 compared to normal G1 cyclin D/Cdk4 in early G1. Until now, the only known
suggests that specific mechanisms direct cell cycle re- kinase associated with Cyclin C was Cdk8. Cyclin C/Cdk8
entry. Because G0 is a state of low transcriptional activ- complexes are important to regulate the activity of RNA
ity, transcriptional repressors may be active in G0 and polymerase II and to control transcription (Akoulitchev
inactivated when the cell cycle resumes. Several studies et al., 2000). However, the kinase associated with cyclin
suggest that the E2F family of transcription factors could C and responsible for Rb phosphorylation is not Cdk8,
be part of the cellular machinery controlling the G0/G1 but Cdk3, another cyclin-dependent kinase (Meyerson
transition, similar to their function in the control of the et al., 1992) whose function in cell cycle was unclear.
G1/S transition. In particular, E2F4-containing com- Importantly, the authors used RNA interference to dem-
plexes, associated with histone deacetylase activity onstrate that endogenous Cyclin C/Cdk3 complexes are
(HDAC) and other chromatin-remodeling activities, may critical to promote exit from quiescence in an Rb-depen-
repress the expression of a number of genes in G0 (Taka- dent manner (Ren and Rollins, 2004).
hashi et al., 2000). Inactivation of these repressor com- These results are exciting for several reasons. First,
plexes, and/or their replacement on the promoters of they provide key functions for poorly understood cell
key target genes by activating E2F complexes associ- cycle regulators. While Cyclin C and Cdk3 could each
ated with histone acetyl transferase (HAT) activities, may rescue mutations in yeast cell cycle genes (CLNs and
provide a switch to direct reentry into the cell cycle cdc28, respectively), their physiological role in mamma-
(Trimarchi and Lees, 2002). lian cell cycle progression remained elusive. They now
The activity of E2F transcription factors in G1/S is appear to function in concert to regulate the G0/G1
under the control of the product of the retinoblastoma transition of the cell cycle in human cells. Second, these
tumor suppressor gene, Rb, and the two related proteins findings by Ren and Rollins indicate that G0/G1 is regu-
p107 and p130. Several lines of evidence indicate that lated in a similar way to G1/S, highlighting the conserved
Rb family proteins may also regulate E2Fs in G0/G1. role of Cyclin/Cdk complexes in multiple aspects of cell
cycle regulation. Finally, the authors confirm the criticalLoss of Rb function in quiescent G0-arrested cells is
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Figure 1. Model for the Sequential Phos-
phorylation and Inactivation of Rb Family Pro-
teins from G0 to S
In response to growth factors and nutrients,
Cyclin C/Cdk3 complexes become activated
in G0-arrested cells and phosphorylate Rb,
and potentially the two other Rb family mem-
bers p107 and p130, on specific residues.
Inactivation of Rb family proteins is com-
pleted in early and late G1 by phosphorylation
on overlapping and additional residues by
Cyclin D/Cdk4 and Cyclin E/Cdk2 complexes.
role of Rb in the control of G0/G1, which raises the Julien Sage
possibility that promoting and maintaining G0 arrest may Departments of Pediatrics and Genetics
be part of Rb’s tumor suppressor action in vivo. Stanford University School of Medicine
These experiments also raise new questions. How is Stanford, California 94305
Cyclin C expression upregulated in G0 cells, when many
other genes are silent? What controls the association, Selected Reading
the stability, and the activity of Cyclin C/Cdk3 com-
plexes? p130 is the major member of the Rb family Akoulitchev, S., Chuikov, S., and Reinberg, D. (2000). Nature 407,
102–106.expressed in arrested cells. Is p130 also a physiological
substrate for Cdk3 kinase activity in cell cycle reentry? Hanahan, D., and Weinberg, R.A. (2000). Cell 100, 57–70.
The E2F6 transcription factor has been shown to partici- Leopold, P., and O’Farrell, P.H. (1991). Cell 66, 1207–1216.
pate in the repression of genes in G0 (Ogawa et al.,
Lew, D.J., Dulic, V., and Reed, S.I. (1991). Cell 66, 1197–1206.2002). However, E2F6 is different from other E2F pro-
Meyerson, M., Enders, G.H., Wu, C.L., Su, L.K., Gorka, C., Nelson,teins because it is not thought to be regulated by Rb
C., Harlow, E., and Tsai, L.H. (1992). EMBO J. 11, 2909–2917.family members. The Rb-independent ways for a cell
Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D.M., and Nakatani,to maintain G0 arrest remain to be further elucidated.
Y. (2002). Science 296, 1132–1136.Finally, the authors show that Cyclin C/Cdk3 promotes
Ren, S., and Rollins, B.J. (2004). Cell 117, 239–251.exit from a transient cell cycle arrest in quiescent cells.
It would be interesting to investigate whether this new Sage, J., Miller, A.L., Perez-Mancera, P.A., Wysocki, J.M., and Jacks,
T. (2003). Nature 424, 223–228.kinase complex participates in cellular differentiation
and senescence, where cell cycle arrest is more stable Takahashi, Y., Rayman, J.B., and Dynlacht, B.D. (2000). Genes Dev.
14, 804–816.but may still depend on Rb family proteins. Cyclin C and
its partner Cdk3 just made an entry into the cell cycle, Trimarchi, J.M., and Lees, J.A. (2002). Nat. Rev. Mol. Cell Biol. 3,
11–20.we will certainly read more about them very soon.
Adding to the complexity, some of the functions ofMitosis: FEAR Pulls Them Apart
astral microtubules seem to rely on radically different
principles. For example, during spindle elongation astral
microtubules apply forces on both spindle poles to pull
them apart (Grill et al., 2001). In contrast, spindle orienta-The function of astral microtubules during mitosis is
tion during metaphase seems to require that forces bebecoming the focus of increasing interest. A report
applied asymmetrically, on only one spindle pole (Kuschpublished in this issue of Developmental Cell provides
et al., 2003). This is particularly obvious in budding yeast,new insight into the complex and subtle regulation of
where recent studies showed that spindle alignmentthese microtubules during anaphase.
along the mother-bud axis depends on the asymmetric
interaction of spindle poles with the cell cortex (Liako-Astral microtubules fulfill at least four different functions
poulos et al., 2003). In this case, microtubules emanatingduring mitosis. During prophase, they participate in
from only one spindle pole orient toward and attach atstripping of the nuclear envelope from the chromo-
the bud cortex. This asymmetric interaction of microtu-somes. Next, during prophase and metaphase, astral
bules with the cortex depends on asymmetric loadingmicrotubules help with orienting the spindle within the
of microtubule-associated proteins, such as the APC-cell. During anaphase, they participate in spindle elon-
related protein Kar9, onto one spindle pole body andgation by pulling spindle poles apart, toward the cortex.
the astral microtubules emanating from that pole andFinally, they provide spatial information to position the
that pole only.cleavage apparatus relative to the spindle. Thus, astral
Consistent with the differences in astral microtubulemicrotubules fulfill an impressive variety of functions
function between metaphase and anaphase, the distri-throughout mitosis. However, we still know relatively
little about how they are regulated. bution of proteins such as Kar9 changes dramatically
